Microalgae are currently a very promising source of biomass and triacylglycerol (TAG) for biofuels. In a previous study, we identified Chlorella saccharophila as a suitable source of oil for biodiesel production because it showed high biomass and lipid content with an appropriate fatty acid methyl esters profile. To improve the TAG accumulation in C. saccharophila, in this study we evaluated the effect of abscisic acid (ABA) addition on cell concentration, lipid content and TAG production in this microalga. First, we evaluated the effects of four ABA concentrations (1, 4, 10, and 20 µM) added at the beginning of a single-stage cultivation strategy, and found that all concentrations tested significantly increased cell concentration and TAG content in C. saccharophila. We then evaluated the addition of 1 µM ABA during the second stage of a two-stage cultivation strategy and compared it with a nitrogen deficiency treatment (ND) and a combination of ND and ABA (ND + ABA). Although ABA alone significantly increased lipid and TAG contents compared with the control, ND showed significantly higher TAG content, and ND + ABA showed the highest TAG content. When comparing the results of both strategies, we found a superior response in terms of TAG accumulation with the addition of 1 µM ABA at the beginning of a single-stage cultivation system. This strategy is a simple and effective way to improve the TAG content in C. saccharophila and probably other microalgae as a feedstock for biodiesel production.
INTRODUCTION
Currently, microalgal biomass is considered one of the most promising and environmentally friendly sources of triacylglycerol (TAG) for biodiesel production; however, there are still some challenges that need to be overcome before large-scale production of microalgal biomass and oil for biofuels can become a reality (Rawat et al. 2013 , Vanthoor-Koopmans et al. 2013 , Medipally et al. 2015 . Biomass and lipid content are two very important factors to improve to make microalgal culture commercially feasible (Medipally et al. 2015) . Therefore, several strategies
MATERIALS AND METHODS

Microalgal strain and culture conditions
Chlorella saccharophila (UADY-PRIORI-014-FMVZ-04) (Herrera-Valencia et al. 2011) . was maintained on Tris-acetate-phosphate (TAP) (Harris 1989 ) under axenic conditions, at 25 ± 2°C under a 16 h / 8 h (light / dark) cycle at a light intensity of 90 µmol m -2 s -1 on a rotary shaker (140 rpm). Two culture media were used during this study: complete TAP medium containing 104.8 mg L -1 nitrogen, and TAP medium lacking NH 4 Cl as a nitrogen source (TAP-N), therefore containing only 0.68 mg L -1 nitrogen from Mo 7 O 24 (NH 4 ) 6 ·4H 2 O in trace metals. The stock solution of ABA (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 1 M KOH and then 100 mL of distilled water was added. To evaluate the effect of ABA on cell number, dry biomass weight (DBW), lipid, and TAG accumulation in C. saccharophila, a single-stage cultivation strategy was used in which exponentially growing cells were inoculated into 250 mL Erlenmeyer flasks containing 50 mL liquid TAP medium with an initial cell concentration of 10,000 cells mL -1 , and were supplemented with ABA at one of four ABA concentrations (1, 4, 10, or 20 µM dissolved in distilled water; distilled water was added to the control cells). The cultures were grown for 10 days and collected by centrifugation for further analysis. We also evaluated the effect of ABA supplementation in combination with nitrogen deficiency. To achieve this, a two-stage cultivation strategy was employed in which cultures were inoculated as described above and after 10 days the cells were harvested by centrifugation, transferred to fresh TAP with the appropriate experimental treatment, grown for 7 days and collected by centrifugation for further analysis. Three experimental treatments were evaluated: (1) ABA, TAP supplemented with 1 µM ABA; (2) ND, TAP medium lacking NH 4 Cl as a nitrogen source (TAP-N); (3) ND + ABA, TAP-N supplemented with 1 µM ABA. Fresh TAP was used as a control. All experiments were carried out in triplicate, and each experiment was carried out twice. One-way ANOVA and Fisher's least significant difference test were used to determine significant differences among means at the 5% level of significance (Statgraphics Plus 4.1). All reagents and solvents were analytical grade.
Growth evaluation
Cellular concentration was determined at the end of the experiments using a Neubauer hemacytometer (Hausser Scientific, Horsham, USA) and a Primo Star mihave been investigated to improve TAG accumulation in microalgae; for example, alkaline pH stress, light intensity, and nutrient starvation (Guckert and Cooksey 1990 , Mujtaba et al. 2012 , Sun et al. 2014 . In this regard, nitrogen deficiency is generally considered the most successful approach to enhance lipid accumulation, particularly TAGs, in green microalgae (Rawat et al. 2013) ; however, this increase in lipids is generally accompanied by a decrease in biomass. Genetic engineering has also been suggested as an alternative to improve microalgal biomass and lipid production, and although very promising, this technology is still being developed or is undeveloped in most microalgal species (Medipally et al. 2015) . Other strategies involve the use of biochemical stimulants, including phytohormones, to increase biomass and lipid content (Hunt et al. 2010 , Park et al. 2013 . Hunt et al. (2010) evaluated 12 biochemical stimulants and discovered phytohormones from the auxin family, mainly 1-naphthaleneacetic acid, had a positive effect on the biomass productivity of Chlorella sorokiniana. Phytohormones have been found in several microalgae (Tarakhovskaya et al. 2007, Lu and Xu 2015) and although little is known about their functions, the exogenous addition of these molecules can have positive metabolic effects in these microorganisms; for example, abscisic acid (ABA) has been shown to improve tolerance to dehydration, oxidative and salinity stresses as well as nitrogen deprivation in a number of microalgae (reviewed by Lu and Xu 2015) . Recently, Park et al. (2013) evaluated the effects of several phytohormones on cell density, concentration of chlorophyll, protein and starch, as well as fatty acid methyl esters (FAME) yield in the green microalga Chlamydomonas reinhardtii, and found that the addition of 10 ppm ABA (37.83 µM) during the lag phase significantly increased FAME yield but decreased cell density.
In a previous study, our research group proposed Chlorella saccharophila (Krüger) Migula, a green microalgae native to the Yucatan Peninsula in Mexico, as a promising source of oil for biofuel production because of its high biomass, lipid content and productivity, in addition to its suitable fatty acid profile for biodiesel (Herrera-Valencia et al. 2011) . To improve TAG accumulation without decreasing biomass in this microalga, we evaluated the effect of exogenous ABA application on cell concentration, lipid and TAG contents in C. saccharophila.
http://e-algae.org collected at 650 nm. Images were merged and pseudocolored using the FV 10 ASW 4.1 CLSM Olympus viewer software (Olympus). (Fig. 1A ). For DBW, there was no significant difference between any of the ABA concentrations tested (1 µM, 38.77 ± 1.1 mg; 4 µM, 40.6 ± 1.73 mg; 10 µM, 37.27 ± 2.22 mg; 20 µM, 39.83 ± 1.82 mg; control, 39 ± 1.08 mg) (Fig. 1B) .
RESULTS
Effect of ABA on
Effect of ABA on Chlorella saccharophila lipid content and TAG accumulation
The lipid extract was 20.03 ± 3.76 mg for the control and similar amounts were found for all ABA concentrations tested, 1 µM (20.63 ± 3.25 mg), 4 µM (21.77 ± 1.82 mg), 10 µM (21.33 ± 2.85 mg), and 20 µM (22.83 ± 5.33 mg) ( Fig. 2A) . The lipid content of C. saccharophila as a percentage of dry biomass weight (% DBW) was calculated, and no significant differences were found between the control (51.24 ± 8.27%) and any of the ABA treatments croscope (Carl Zeiss, Oberkochen, Germany). The cells were harvested by centrifugation and dried using a freeze dryer for 48 h. The resulting pellet was weighed to get the DBW. Pellets were stored at -80°C for further lipid and TAG analysis.
Lipid and TAG content
Lipids were extracted from the microalgal biomass using a dry extraction procedure with a chloroform: methanol (2 : 1, v/v) solvent mixture according to Widjaja et al. (2009) . The solvent mixture was separated from the biomass and evaporated to obtain the lipid extract. The procedure was repeated twice to achieve complete lipid extraction. The TAG content in the total extractable lipids was determined as described previously by Arias-Forero et al. (2013) using Triglicéridos Liquicolor GPO-PAP (Stanbio Laboratory, Boerne, TX, USA) according to the manufacturer's protocol.
Confocal imaging of live cells
Cells were stained with Nile Red (1 mg mL -1 final concentration; Sigma-Aldrich) as described by Wang et al. (2009) and Cakmak et al. (2012) . Images were acquired using an LSCM FV 1000 laser scanning confocal microscope (Olympus, Tokyo, Japan) and a Plan UPLFLN 40 oil immersion objective lens with a numerical aperture of 1.30. The Nile Red signal was captured using a laser excitation line at 488 nm, and the emission was collected at 510 nm; chlorophyll fluorescence was captured using a laser excitation line at 633 nm, and the emission was were incubated in Tris-acetate-phosphate supplemented with different concentrations of ABA for 10 days. Each value is the mean ± standard deviation (n = 3). Different lowercase letters indicate significant difference between means (one-way ANOVA, Fisher's least significant difference test, p < 0.05).
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tract, while significantly higher values were found for all the ABA concentrations tested (1 µM, 90.13 ± 4.85%; 4 µM, 92.06 ± 4.03%; 10 µM, 89.74 ± 3.06%; and 20 µM, 87.11 ± 1.14%) (Fig. 3C) .
Effect of the combination of ABA and nitrogen deficiency on Chlorella saccharophila growth C. saccharophila reached a cell concentration of 11.46 ± 0.41 × 10 6 cells mL -1 on TAP medium (control). Cell concentration was positively affected by ND + ABA treatment (12.76 ± 0.69 × 10 6 cells mL ) showed no significant difference compared with the control, and ND treatment (9.82 ± 0.38 × 10 6 cells mL
) caused a significant decrease in microalgal tested (1 µM, 53.28 ± 8.94%; 4 µM, 53.55 ± 2.24%; 10 µM, 57.64 ± 10.70%; 20 µM, 57.74 ± 15.57%) (Fig. 2B ). Regarding TAG accumulation in C. saccharophila, the TAG content was 7.39 ± 0.07 mg in the control. Notably, a significant increase in TAG accumulation was obtained with all the ABA concentrations tested, 1 µM (18.70 ± 3.83 mg), 4 µM (20.04 ± 1.81 mg), 10 µM (19.20 ± 3.17 mg), and 20 µM (19.91 ± 4.72 mg) (Fig. 3A) . We then calculated the TAG content as % DBW, which was 18.96 ± 0.64% DBW in the control. Again, significantly higher values were found for all the ABA concentrations tested, 1 µM (48.27 ± 10.29% DBW), 4 µM (49.31 ± 3.18% DBW), 10 µM (51.95 ± 11.26% DBW), and 20 µM (50.33 ± 13.63% DBW) (Fig. 3B) . We also calculated TAG content as a percentage of the lipid extract (% lipid extract). The control had 37.75 ± 6.82% lipid ex- 
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http://e-algae.org ND (34.63 ± 2.4 mg) and ND + ABA (30.87 ± 0.65 mg) showed no significant difference compared with the control (32.87 ± 2.25 mg) (Fig. 5A) . The lipid content of C. saccharophila as % DBW was calculated; the ABA treatment showed a significantly higher amount (62.66 ± 5.12%), while there were no significant differences among the ND treatment (46.24 ± 5.32%), the ND + ABA treatment (42.57 ± 1.81%) and the control (45.28 ± 3.25%) (Fig. 5B) . The amount of TAG accumulated was 5.09 ± 0.56 mg in the control. Interestingly, a significant increase in TAG accumulation was obtained with all the treatments evaluated, cell concentration (Fig. 4A) . For DBW, none of the treatments tested, ABA (69.67 ± 1.55 mg), ND (75.2 ± 4.2 mg), or ND + ABA (72.57 ± 2.18 mg), showed significant differences compared with the control (72.6 ± 0.3 mg) (Fig. 4B) .
Effect of the combination of ABA and nitrogen deficiency on Chlorella saccharophila lipid content and TAG accumulation A significantly higher amount of lipid extract was obtained from the ABA treatment (43.67 ± 3.95 mg), while Fig. 4 . Effect of the combination of abscisic acid (ABA) and nitrogen deficiency on Chlorella saccharophila growth. Cell concentration (A) and dry biomass weight (B). Cells were incubated in Tris-acetate-phosphate (TAP) medium for 10 days, and then harvested by centrifugation and transferred to fresh medium for 7 days. TAP, complete TAP medium as a control; ABA, TAP medium supplemented with 1 μM ABA; ND, TAP with nitrogen deficiency; ND + ABA, TAP with nitrogen deficiency supplemented with 1 μM ABA. Each value is the mean ± standard deviation (n = 3). Different lowercase letters indicate significant difference between means (one-way ANOVA, Fisher's least significant difference test, p < 0.05).
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Fig. 5. Effect of the combination of abscisic acid (ABA) and nitrogen deficiency on Chlorella saccharophila lipid content. Lipid extract (A) and lipid content as a percentage of dry biomass weight (% DBW) (B)
. Cells were incubated in Tris-acetate-phosphate (TAP) medium for 10 days, and then harvested by centrifugation and transferred to fresh medium for 7 days. TAP, complete TAP medium as a control; ABA, TAP medium supplemented with 1 μM ABA; ND, TAP with nitrogen deficiency; ND + ABA, TAP with nitrogen deficiency supplemented with 1 μM ABA. Each value is the mean ± standard deviation (n = 3). Different lowercase letters indicate significant difference between means (one-way ANOVA, Fisher's least significant difference test, p < 0.05).
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C. saccharophila cultures with ABA, ND, and ND + ABA treatments compared with the control, evaluated using the two-stage cultivation strategy (Fig. 7B) .
DISCUSSION
In the present study, we were interested in evaluating the effect of ABA addition on growth and lipid accumulation in C. saccharophila. We first evaluated four different ABA concentrations (1, 4, 10 and 20 µM) added at the beginning of the culture, and found that all concentrations tested significantly increased cell concentration but not DBW or lipid content. Additionally, we found that all ABA concentrations tested were able to increase TAG accumulation in C. saccharophila compared with the control, both as a % DBW and as a percentage of lipid extract. This result indicates that while ABA-treated cells synthesized an amount of lipids similar to the control, they mostly accumulated lipids in the form of TAG. Remarkably, ABA caused an increase in cell number without affecting DBW, which was unexpected since ABA is known to inhibit cell division in plants (Stals and Inzé 2001) . The addition of similar concentrations of ABA to the medium was evaluated in another green microalga, C. reinhardtii, and no changes in growth (measured as cell density, g L -1
) were found compared with the control; however, cell number was not measured (Park et al. 2013) . Furthermore, in C. reinhardtii, the addition of 500 µM ABA to the medium caused an increase in the growth of cells, measured as mg of dry weight mL -1 , compared with the control (Yoshida et al. 2003) . When using chlorophyll content as an indicator ABA (6.88 ± 0.83 mg), ND (8.54 ± 0.41 mg), and ND + ABA (10.9 ± 0.80 mg) (Fig. 6A) . We calculated the TAG content as a percentage of % DBW, which was 7.01 ± 0.79% DBW in the control. Again, significantly higher values were found for all the treatments evaluated (ABA, 9.87 ± 1.26% DBW; ND, 11.39 ± 0.95% DBW; ND + ABA, 15.05 ± 1.56% DBW) (Fig. 6B) . We also calculated the TAG content as a percentage of lipid extract (% lipid extract) and found that it was 15.05 ± 1.64% lipid extract in the control. Although ABA showed no significant difference (15.78 ± 1.49% lipid extract), the ND (24.77 ± 2.52% lipid extract) and ND + ABA (35.31 ± 2.3% lipid extract) treatments showed significantly higher values (Fig. 6C) .
Confocal microscopy analysis
Since there were no significant differences among the ABA treatments evaluated during the single-stage cultivation strategy, we chose the lowest concentration of ABA (1 µM) for confocal microscopy analysis. Living C. saccharophila cells were stained with Nile Red, a reagent that yields brilliant yellow fluorescence in a neutral lipid environment (Greenspan et al. 1985 , Cooksey et al. 1987 ). The confocal image (Fig. 7A) shows the presence of brilliant yellow color produced by the interaction of Nile Red with neutral lipids in C. saccharophila cells. The confocal analysis allowed us to visualize the neutral lipids contained in C. saccharophila cells and to qualitatively detect an increase in these lipids in cultures with 1 µM ABA treatment compared with the control without ABA.
The confocal microscopy analysis also allowed us to qualitatively observe the increase in neutral lipids in Fig. 6 . Effect of the combination of abscisic acid (ABA) and nitrogen deficiency on Chlorella saccharophila triacylglycerol (TAG) accumulation.
TAG accumulation (A), TAG content as a percentage of dry biomass weight (% DBW) (B), and TAG content as a percentage of lipid extract (C) of C. saccharophila. Cells were incubated in Tris-acetate-phosphate (TAP) medium for 10 days, and then harvested by centrifugation and transferred to fresh medium for 7 days. TAP, complete TAP medium as a control; ABA, TAP medium supplemented with 1 μM ABA; ND, TAP with nitrogen deficiency; ND + ABA, TAP with nitrogen deficiency supplemented with 1 μM ABA. Each value is the mean ± standard deviation (n = 3). Different lowercase letters indicate significant difference between means (one-way ANOVA, Fisher's least significant difference test, p < 0.05).
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http://e-algae.org age of DBW, but not TAG as a percentage of lipid extract, suggesting that the TAG increase was due to an increase in total lipids. ND treatment significantly increased TAG content compared with the control, as expected. Remarkably, all measurements of TAG content were significantly higher in the ND + ABA treatment than in all the other treatments including ND alone, suggesting that ND as a stress and ABA as a stress signal had a combined effect that led the cells to accumulate more TAG. There have been a few reports on the physiological roles of endogenous ABA in green microalgae. For example, endogenous ABA increased significantly in both hypertonic and hypotonic environments in Dunaliella sp. and under nitrogen deficiency in Dunaliella sp. and Nannochloropsis oceanica (Tominaga et al. 1993 , Lu et al. 2014 . Kobayashi et al. (1997) suggested that ABA may act as a stress hormone in the morphogenesis of Haematococcus pluvialis, since endogenous ABA biosynthesis was induced by active oxygen species and exogenous ABA caused the recovery of algal encystment under drought stress even in the presence of the encystment inhibitor chloramphenicol. Furthermore, it has been reported that ABA acts as a signal that enhances tolerance to oxidative and osmotic stress in C. reinhardtii, probably by helping to reduce oxidative damage in cells derived from exposure to stress (Yoshida et al. 2003 (Yoshida et al. , 2004 . Several strategies have been used to increase lipid content and TAG accumulation in microalgae, and nitrogen depletion has been an effective way to achieve this (Yoon et al. 2015) . A two-stage cultivation strategy has been one of the most successful strategies to date for increasing TAG content in microalgal cell cultures (Rodolfi et al. 2009 , Ho et al. 2010 , Sun et al. 2014 . This strategy involves efficient biomass accumulation during nutrientcomplete conditions in the first stage and then collection and resuspension of the cells in a nutrient-limited fresh medium, particularly nitrogen limited, for lipid accumulation. However, its application at the industrial scale is not yet feasible, since it is costly, time consuming and requires centrifugation, which is not practical. Several modifications have been attempted to improve this strategy. Recently, Fan et al. (2014) demonstrated the feasibility of using a trophic transition cultivation mode for lipid production, which consists of heterotrophy-nitrogen deprivation during a two-stage production method. More recently, Li et al. (2015) proposed two-stage N-deficient cultivation of microalgae without centrifugation as a suitable, effective and low energy consumption method for lipid accumulation in Scenedesmus sp. Alternatively, the addition of phytohormones to the culture medium has of cell growth in this microalga, 500 µM ABA also caused an increase in cell growth in the presence or absence of osmotic and salt stress (Yoshida et al. 2004) .
Exogenous ABA has been reported to cause lipid accumulation in isolated plant embryos and plant cell suspensions (Rodriguez-Sotres and Black 1994, Kharenko et al. 2010) . Interestingly, the ABA treatments evaluated in C. reinhardtii by Park et al. (2013) caused a 10-13% increase of FAME yield, which is an indirect measure of TAG accumulation in cells. Notably, in our study, the response of C. saccharophila to ABA led to a higher increase in TAG accumulation; more than double the total TAG and TAG as a percentage of DBW, and double or more the TAG as a percentage of lipid extract. This result supports the use of ABA to increase TAG in microalgal culture, and also supports our previous claim that C. saccharophila is an attractive and suitable source of TAG for biodiesel (HerreraValencia et al. 2011) . However, more research is needed to understand the specific role of ABA in lipid accumulation, particularly TAG, in microalgae.
In a previous study by our research group, we used a two-stage cultivation system to evaluate the effect of nitrogen depletion on cell growth, lipid accumulation and lipid profile in C. saccharophila (Herrera-Valencia et al. 2011) , and found that nitrogen deficiency increased lipid accumulation and FAME yield, and that the fatty acid profile was suitable for biodiesel production. In this study, we evaluated ABA addition, nitrogen deficiency and a combination of both, applied at the second stage of a twostage cultivation system. When only ABA was applied in this manner, and contrary to what we found in the singlestage culture, there was no significant difference in cell number compared with the control. A possible explanation is that at the time ABA was applied during the second stage, the biomass had already accumulated and cell division was not very active. Therefore, it was surprising to find that while there was a significant decrease in cell number under the ND treatment (as expected), when ABA was applied in combination with ND an increase in cell number was observed compared with the control and the ND treatment. A possible explanation could be that the combined effect of both treatments induced cell division in some manner yet to be determined.
Contrary to what we found when ABA was applied at the beginning of the single-stage culture, there was a significant increase in total lipid content when the ABA treatment was applied at the second stage of the twostage cultivation strategy, compared with the control and the other treatments. This increase corresponded to an increase in total TAG content and TAG as a percent-been proposed as an attractive strategy to increase lipid production. For example, Park et al. (2013) proposed the use of phytohormones, including ABA, to increase biomass and FAME yield, thereby reducing the production costs of biofuels from microalgae, using nitrogen-limited media and C. reinhardtii as a model system.
When we compared the results of the two strategies evaluated in this study ABA addition during a single-stage cultivation and ND + ABA during a two-stage cultivation we found that the highest levels (double or more) of TAG as a percentage of DBW and of lipid extract were obtained with the addition of 1 µM ABA at the beginning of a single-stage culture, which is a less time-consuming and laborious cultivation strategy. Taking our results together, we propose the addition of 1 µM ABA at the beginning of a single-stage culture as an effective and simple way to improve TAG accumulation in C. saccharophila. This strategy might be useful in other oleaginous microalgae to improve the accumulation of TAG as a feedstock for biodiesel production.
